Riluzole is a glutamate-modulating agent with neuroprotective properties approved for use in amyotrophic lateral sclerosis. The efficacy and safety of riluzole vs placebo as an adjunct to antidepressant medication in outpatients with major depressive disorder (MDD) was examined in a 3-site, 8-week, randomized, double-blind, placebo-controlled, fixed-dose trial using a sequential parallel comparison design comprised of two phases of 4 weeks. Patients with MDD in a current major depressive episode (N = 104) with an inadequate response to either a prospective or a historical trial of an antidepressant medication were randomized in a 2 : 3 : 3 ratio to the treatment sequences of riluzole/riluzole, placebo/placebo, and placebo/riluzole, respectively. The primary outcome was change in depression severity, as assessed by the Montgomery-Åsberg Depression Rating Scale (MADRS). Secondary efficacy outcomes included the response rate, defined as at least a 50% improvement in MADRS, Clinical Global Impressions severity and improvement subscales, and patient-reported measures of depression and cognitive function. Eighty-five patients completed the randomized treatment phases. Treatment groups did not differ in mean change in MADRS scores, response rate, or in any secondary efficacy outcomes. Riluzole was generally well tolerated, with a side effect profile consistent with its clinical use. In conclusion, a fixed dose of riluzole (100 mg/day) did not show adjunctive antidepressant efficacy compared to placebo. The trial was adequately powered to detect a moderate riluzole effect, and the risk for exaggerated placebo responses was mitigated. The lack of efficacy suggests that mechanisms underlying riluzole's neuroprotective effects are insufficient for clinical response in treatment-resistant depression.
INTRODUCTION
The quest for new antidepressant brain targets beyond the monoamines is an area of intense investigation (Papakostas and Ionescu, 2015; Newport et al, 2015) , owing to limitations in efficacy of existing therapies. Drugs which impact amino acid neurotransmitter systems such as glutamate have received particular scrutiny, in recognition that these systems subserve fundamental roles in regulation of synaptic plasticity and impact essential human processes of mood, cognition, and reward (Abdallah et al, 2014; Duman et al, 2016) . Recent CNS drug discovery programs involving these systems include agents impacting ionotropic ((N-methyl-Daspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)) receptors, metabotropic receptors, glial cell transporters, and glutamate release inhibitors (Jaso et al, 2017) .
Riluzole is an orally administered medication approved by the US Food and Drug Administration since 1994 for the treatment of amyotrophic lateral sclerosis. Its pharmacological mechanism of action and its effects on the glutamatergic system are complex. In contrast to ketamine and memantine, riluzole is not an open-channel antagonist of the NMDA receptor, though similar to lamotrigine, it was found to significantly enhance surface expression of AMPA receptor subunits in cultured hippocampal neurons (Du et al, 2007) . Early reports related riluzole's inhibition of presynaptic release of glutamate, partly due to inactivation of voltage-dependent sodium channels on glutamatergic nerve terminals, to the drug's anti-excitoxicity actions (Doble, 1996) . Subsequent studies elucidated riluzole's neuroprotective mechanisms involving glutamate clearance from the synaptic cleft through facilitation of astrocytic glutamate reuptake (Frizzo et al, 2004) , and stimulation of neurotrophic factor expression (Türck and Frizzo, 2015) . Preclinical rodent models found riluzole's effects on brain derived neurotrophic factor (BDNF) and glutamate transporter expression to be associated with antidepressant-like action (Banasr et al, 2010; Gourley et al, 2012) .
Riluzole has been tested in several small open-label trials in patients with mood and anxiety disorders (Pittenger et al, 2008; Mathew et al, 2005) , including as monotherapy in patients with treatment-resistant major depression (TRD) (Zarate et al, 2004) and bipolar depression (Brennan et al, 2010) , and as an adjunct to a SSRI (Sanacora et al, 2007) or mood stabilizer (Zarate et al, 2005) . While moderate-to-large within-subject effect sizes were observed, these studies were limited by small sample sizes (less than 20 subjects) and absence of placebo control. Subsequent small placebocontrolled studies in TRD patients reported that riluzole failed to prevent relapse following an early response to intravenous ketamine (Mathew et al, 2010; Ibrahim et al, 2012) , and did not show benefit for ketamine nonresponders (Niciu et al, 2014) . However, these studies were not designed to directly examine the antidepressant effects of riluzole and were not powered to detect moderate sized effects. In contrast, a recent placebo-controlled trial of riluzole conducted in 60 non-resistant MDD Iranian patients showed efficacy; in this 6-week inpatient study, the combination of riluzole and citalopram was found to be superior to the combination of citalopram and placebo with large effect sizes (Cohen's d40.8 at weeks 2, 4, and 6 of treatment, which was every time point examined) (Salardini et al, 2016) .
The present study was designed to examine the adjunctive efficacy of a fixed dose of riluzole in outpatients with MDD who had failed to adequately respond to at least one adequate trial of an approved antidepressant medication in the current episode. We used a sequential parallel comparison design (SPCD) (Fava et al, 2003) to optimize efficiency and potentially diminish placebo response (Fava et al, 2016) . We hypothesized that riluzole added to an antidepressant medication would be superior to add-on placebo in improving depressive symptoms in this difficult-to-treat patient population.
MATERIALS AND METHODS

Participants
The study enrolled patients at three academic medical centers between June 2011 and December 2014, with the final study visit in February 2015. The Institutional Review Boards at the participating sites approved the study. After complete description of the study, written informed consent was obtained from all participating subjects.
Patients were eligible to participate if they were between 18 and 65 years of age, had a primary diagnosis of MDD, assessed by the Structured Clinical Interview for DSM-IV-TR-Axis I disorders (First et al, 2007) , and had an inadequate response to at least one but no greater than four adequate trials of an antidepressant using the MGHAntidepressant Treatment History Questionnaire (ATRQ) (Chandler et al, 2010) . Patients were required to have at least moderate depressive symptom severity, indexed by a Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979) score ⩾ 18 and an Inventory of Depressive Symptomatology-Self Rated (IDS-SR) (Rush et al, 1996) score ⩾ 20. Patients were excluded if they were at serious suicide risk, had substance use disorders within the last 6 months, lifetime histories of bipolar disorder or psychotic disorders, or had severe and unstable medical illness. Structured psychotherapy for the treatment of depression was exclusionary if initiated within 8 weeks of randomization. All patients had a physical examination, routine hematologic and biochemical tests, urine toxicology, and electrocardiogram (ECG) to detect unstable medical illnesses or substance use.
Study Procedures
Initial group assignment. Patients meeting initial eligibility criteria were assigned to one of two groups (A or B), depending on whether or not they were receiving a FDAapproved antidepressant medication at Screening. Patients not taking an antidepressant (Group A), and who were experiencing a major depressive episode for at least 10 weeks, were given a prospective 8-week open-label trial of sertraline (2 patients received citalopram as the lead-in antidepressant prior to a protocol amendment). For participants taking concurrent disallowed psychotropic medications (such as atypical antipsychotics or mood stabilizers), a taper was conducted such that these medications were discontinued while open-label treatment with sertraline was initiated at 50 mg/day for two weeks, after which the dose was increased in weekly increments of 50 mg for the next two weeks to a dose of 150 mg per day. If tolerated, the patient was maintained at 150 mg/day for at least four weeks. In case of poor tolerability, the sertraline dose could be lowered to a minimum of 50 mg/day. Group A patients were eligible for the double-blind phase following the 8-week lead-in period if they met depressive severity thresholds (MADRS ⩾ 18 and IDS-SR ⩾ 20) and hado50% decrease in the IDS-SR score from Screening.
Group B participants were individuals not responding, based on the ATRQ, to an ongoing treatment with an SSRI, serotonin-norepinephrine reuptake inhibitor (SNRI), or bupropion for a minimum of 8 weeks, with a stable dose for at least 4 weeks prior to randomization. All patients were required to be free of other psychotropic medications for the duration of the study with the exception of a stable dose of a non-benzodiazepine hypnotic (eg, zolpidem 10 mg nightly) or a benzodiazepine, if on a stable dose for at least two weeks prior to baseline at doses no greater than lorazepam 2 mg/ day or equivalent.
Sequential parallel comparison design (SPCD). SPCD was used for the 8-week randomized, double-blind phase, which comprised two blocks of approximately 28 days each. Patients were randomly assigned to adjunctive treatment with riluzole (50 mg twice per day) or placebo, in a 2 : 3 : 3 ratio to the treatment sequences of riluzole/riluzole, placebo/ placebo, and placebo/riluzole, respectively. Patients in the placebo/riluzole group were randomized to receive adjunctive placebo for the first 4-week block and adjunctive riluzole for the second 4-week block. To minimize patient expectancies regarding changes in study drug allocation during the double-blind period, the consent form did not mention the two blocks, but rather, described the odds of receiving placebo or riluzole at any point during the 8-week randomized phase of the study.
The pharmacist at each site assigned randomization numbers in consecutive order. Subjects were randomized to the three treatment groups using computer-generated codes in a randomly permuted block procedure consisting of blocks of 8 patients, stratified by pre-randomization group (A or B) and site. Only the site pharmacists and the study statistician had access to the randomization code. All other study personnel were masked to treatment assignment. Pharmacists at each study site prepared riluzole tablets (50 mg) and matching placebo in capsules that were identical in size, appearance, and taste. Patients were instructed to take one capsule of study medication in the morning and evening, while remaining on the same dosage of concurrent antidepressant medication. In case of intolerable side effects, study clinicians could lower the dosage of study medication to one capsule daily. Patients unable to tolerate the minimum allowed daily dosage were withdrawn from the study.
Patients were evaluated every 7 days by the study psychiatrist and by a clinical rater. A comprehensive hepatic panel and CBC were obtained after 4 weeks and at endpoint, and assessed by clinicians not involved in the patient's treatment or ratings. Adherence was monitored by pill count and inspection of medication diary; patients who did not take between 80 and 120% of study medication for two consecutive visits were considered non-adherent and withdrawn from study medication.
Outcome Measures
The primary outcome was the change in the MADRS score during each 4-week phase of the double-blind treatment period. Trained raters masked to treatment-group assignment performed clinical assessments. Raters were experienced research staff extensively trained in the use of the instruments and who passed certification criteria by an external ratings vendor. MADRS raters were trained to reliability across the three sites prior to the study.
Secondary outcomes included the response rate, defined as a reduction in the MADRS score by 50% or more, and remission rate, defined as a MADRS score ⩽ 9. Additional measures were the Clinical Global Impressions severity (CGI-S) and improvement (CGI-I) subscales, IDS-SR, and the MGH Cognitive and Physical Functioning Questionnaire (CPFQ) (Fava et al, 2009 ). Safety and tolerability was assessed with the Systematic Assessment for Treatment Emergent Events (SAFTEE-SI) (Levine and Schooler, 1986) , and suicidal ideation and behavior was tracked with the Columbia-Suicide Severity Rating Scale (Posner et al, 2011) .
Statistical Analysis
Data were examined prior to analysis using descriptive statistics. Randomized groups were compared on continuous variables using ANOVA and on categorical predictors using χ 2 -tests or Fisher's exact tests. Continuous measures were assessed for normality. Our primary analysis was intent-totreat using all available data on all subjects. For subjects who dropped out in Block 1 (the first 4 weeks of double-blind treatment), the last observation was carried forward to the last visit in Block 1 (visit 4), while these subjects' data were not used in calculating the part of the test statistic corresponding to Block 2. For subjects who dropped out in Block 2 (the second 4 weeks of double-blind treatment), last observation was carried forward in Block 2 and all data from this subject were used in the analyses. Sensitivity analyses for MADRS included analyses using missing values on the response variable replaced by predicted values from linear or generalized linear models of the longitudinal data over time. All tests are two-sided at alpha = 0.05.
The primary hypothesis regarding improvement in MADRS was tested using the approach described in Tamura and Huang (2007) for continuous data where effect estimates from the two phases were weighted to assess overall riluzole-placebo differences. While the data from all the randomized subjects were used in the first phase, only the data from placebo non-responders were used in the second phase. The two seemingly unrelated regression models for the two phases had change in MADRS for the corresponding block as the dependent variable, the treatment indicator for riluzole as the main predictor of interest, and controlled for site and baseline MADRS at the beginning of each block. The test statistic was a z-score based on weighted average of the treatment effect estimates in the two phases with the weight chosen to maximize statistical power relative to the sample sizes for each arm and to detect clinically meaningful drug effects in each phase of the study (w = 0.75). The analysis was performed in SAS using PROC MODEL and the SUR option as specified in the Appendix of Tamura and Huang (2007) .
For binary outcomes (response and remission rates) we used a weighted average of the effects from the two phases of double-blind treatment. We used as test-statistic z = h/SE of h, where h = w(p1 − q1)+(1 − w)(p2 − q2), where p1, p2 were the response rates to riluzole in the first and second phases, and q1, q2 were the rates for placebo. We used w = 0.75. Secondary hypotheses were tested using the same approach as in the primary analysis. To examine safety and tolerability we compared adverse events in both the riluzole and placebo treated groups.
The a priori power calculations indicated that 150 subjects needed to be randomized (56 on placebo/placebo, 56 on placebo/riluzole and 38 on riluzole/riluzole) to have at least 80% power to detect a weighted mean difference of~3.0 points (2.5 points in phase 1 and 4 points in phase 2; standard deviation (SD) assumed to be 7.8) between riluzole and placebo at two-sided alpha level of 0.05. We assumed a drop-out rate of 10% and placebo response rate of 20% in phase 1, while a 15% drop-out rate was anticipated in phase 2.
RESULTS
Two hundred forty-three individuals provided informed consent, of which 129 were assigned to Group A and 114 were assigned to Group B, based on the absence or presence of a concurrent antidepressant medication, respectively. Seventy-two patients in Group A began the 8-week prospective SSRI trial, of which 39 completed and continued to fulfill eligibility criteria for randomization. Sixty-five patients from Group B met eligibility criteria and underwent randomization (Figure 1) . Of the 104 patients randomized and allocated to one of the three treatment groups, 85 patients completed the 8-week double-blind placebo phase.
Baseline clinical and demographic characteristics of the three randomized groups are presented in Table 1 . There were no statistically significant differences between groups at baseline. Dropout rates were not significantly different between groups (χ 2 = 2.76, df = 2, p = 0.30), with a 84% completion rate in the riluzole/riluzole group, 74.4% in the placebo/riluzole group, and 87.5% in the placebo/ placebo group.
Primary Outcome
For the change in MADRS score from baseline, the overall test of treatment differences between riluzole and placebo was not statistically significant (χ 2 = 2.76, df = 1, p = 0.10). Neither of the estimates from the two treatment blocks was statistically significant (Table 2 ). There were no main effects of site or baseline MADRS score. These results were confirmed with a mixed effect model imputation analysis (χ 2 = 2.50, df = 1, p = 0.11).
Secondary Outcomes
Consistent with the primary outcome, there were no significant differences in MADRS response rates between riluzole and placebo (z = − 0.21, p = 0.83), nor significant differences in MADRS remission rates (z = − 0.03, p = 0.98) ( Table 3) . None of the secondary efficacy outcomes were statistically significant for the overall test of treatment differences, when correcting for multiple testing, and neither of the estimates from the two blocks were statistically significant. There were no effects of site or baseline scores for any of these measures.
Adverse Events
Headache (28%), fatigue (28%), and body pain (12%) were the most commonly reported AEs in the riluzole/riluzole group, and marked the only AEs reported by 410% of riluzole-treated participants. The placebo/placebo group reported rates of 27.5, 15, and 2.5%, respectively, for these same AEs. There were no serious adverse events during the 8-week double-blind phase. One patient in the prospective sertraline trial was admitted to a psychiatric facility for relapse of alcohol use disorder and was discontinued from the study. There were no cases of treatment-emergent suicidal preparatory acts or suicide attempts, per the C-SSRS. No clinically relevant effects on weight, vital signs, or EKG were observed. No patients exposed to riluzole had abnormal ALT or AST values, defined as greater than five times the upper limit of normal. One patient in the placebo/riluzole group was discontinued from the study at Week 5 due to neutropenia after having received 4 weeks of placebo.
DISCUSSION
In this three-site trial in patients with persistent moderateto-severe depressive symptoms despite either a prospective or a historical trial of an antidepressant medication, we found that adjunctive riluzole (100 mg/day) did not show antidepressant effects compared to adjunctive placebo. The negative results for the primary outcome measure (MADRS) were affirmed with multiple secondary outcomes, including response and remission rates, clinician global ratings, and patient-reported measures. Patients in the riluzole group experienced transient side effects consistent with previous reports and clinical experience.
Our results contrast with a recent 6-week placebocontrolled trial of inpatients with non-resistant MDD, in 
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Figure 1 CONSORT flow diagram of participants in a randomized placebo-controlled trial of adjunctive riluzole in patients with treatment-resistant major depressive disorder.
which riluzole (50 mg BID) in combination with citalopram exerted superior antidepressant effects compared with the combination of citalopram and placebo (Salardini et al, 2016) , with significant drug-placebo differences observed by week 2. While the trials are not directly comparable because of design differences, these results support the duration of treatment blocks (4 weeks) in our study. Our study contradicts positive open-label reports of riluzole monotherapy (Zarate et al, 2004) and adjunctive therapy (Sanacora et al, 2007) in MDD. In the study most similar in design to the current trial, we previously reported a 40 and 30% response and remission rate, respectively, with a fixed dose of riluzole (50 mg BID) as adjunctive therapy to SSRIs (Sanacora et al, 2007) . The two-stage SPCD design provided sufficient power to detect a moderate effect of riluzole with a substantially lower number of patients than a conventional parallel-group addon study and may mitigate the placebo response rate. The SPCD is designed such that signal detection is enhanced in the second block of the randomized phase, where only nonresponders to placebo in the first block are included in the analyses of the second block. However, riluzole effects among non-responders to placebo in phase 2 were opposite to the expected direction (a MADRS mean ± SD change = 0.84 ± 5.79 in the placebo/riluzole group vs 3.87 ± 6.49 in the placebo/placebo group). Similarly in phase 1, improvement in MADRS scores on riluzole was numerically less than on placebo in the riluzole/riluzole group (3.20 ± 3.86) compared to 4.83 ± 7.85 in the placebo/placebo and 5.77 ± 7.83 in the placebo/riluzole group. Thus, although we fell short of our recruitment target (104 subjects were randomized while 150 were required according to the original power calculations), the lack of significant findings is not due to insufficient power, since there was no indication that riluzole improved outcome greater than placebo in the two 4-week periods. The neurobiological mechanisms underlying riluzole's activity remain incompletely understood despite its use in ALS and neurodegenerative disorders for over two decades. Riluzole reversed cellular, metabolic, and behavioral alterations associated with chronic stress, in part through stimulation of EAAT2 expression, enhancement of glial cell metabolism, and brain-derived neurotrophic factor (BDNF) signaling (Banasr et al, 2010) . Longer-term riluzole treatment, over a period of 17 weeks, was recently reported to improve memory performance in aged rats, potentially through an increase in EAAT2 expression in hippocampus (Pereira et al, 2017) ; clinically, riluzole enhanced expression of the neuronal metabolite N-acetyl-aspartate (NAA) in hippocampus in patients with GAD, most prominently in those with favorable responses (Abdallah et al, 2013) . It is unknown how these purported mechanisms translate into intervention for chronic and recurrent depressive disorders. Notably among the secondary outcomes of our study, riluzole did not show benefit on the CPFQ, a patientreported measure of cognition and sharpness/mental acuity. It has been hypothesized that the efficacy of glutamate-based pharmacotherapies may vary as a function of illness duration (early vs late in disease) or medication history, as described for a novel glutamatergic therapy in schizophrenia (Kinon et al, 2015) .
Notable strengths of the study include the modest attrition rate and relatively low placebo response rate. Placebo response rates were lower than expected for phase 1 (15% for placebo/placebo group and 12.8% for placebo/riluzole group) and, of course, for phase 2, where the degree of change on the MADRS was 20% lower than the one observed in phase 1. The inclusion of patients with both prospective and historical inadequate response to antidepressant medication enhanced the study's generalizability. The absence of an efficacy signal for the patient-reported outcomes along with the clinician-administered MADRS bolsters the confidence of the negative results.
There were several limitations of our trial. We used a fixed dose of riluzole (100 mg/day), which is the standard dosing regimen used in ALS. However, dose-dependent effects of riluzole were found for the expression of BDNF and GLT1 (Gourley et al, 2012) , and the positive open-label monotherapy trial in MDD (Zarate et al, 2004) reported a considerably higher mean daily dose of 166 mg, raising the question of whether higher doses in the current trial would have been effective. Second, we did not collect riluzole blood levels. However, an analysis of riluzole blood serum levels in a clinical trial in pediatric OCD conducted at the National Institute of Mental Health did not show any relationship of levels and either beneficial or adverse effects (P. Grant, personal communication). Third, riluzole has 60% absolute bioavailability and is a substrate of P-glycoprotein, responsible for efflux of drug out of the brain (Milane et al, 2007) . It is unknown whether individual differences in brain bioavailability impacted outcomes due to pharmacokinetic interactions at the level of the blood-brain barrier. Finally, the small sample size did not permit examination of moderators and trajectories of response over time.
In conclusion, treatment-resistant patients in a major depressive episode did not show an antidepressant response to a fixed dose of riluzole. Future research of glutamate modulating agents should account for individual differences in drug metabolism and consider alternative dosing and trial duration strategies. Identifying markers of target engagement are also essential for progress in this area.
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